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• Summary



Introduction

• There are more than 17,000 particle 
accelerators (> a few MeV) worldwide( )
– Most are used in medicine

• Linacs, cyclotrons, some synchrotrons…
– Next most common in industry

• Ion implantation etc
Synchrotron Radiation Sources– Synchrotron Radiation Sources

• Mostly synchrotrons, coming soon - linacs
– Neutron and radionuclide sources

• Linacs, cyclotrons, synchrotrons, something weird

and
– For particle physics!

• A few big synchrotrons (& colliders) 
Oft ith Li t th f t d
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– Often with Linacs at the front end
• And coming soon (maybe) the ILC
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Incidence of Cancer in the UK

Source: Cancer Research UKSource: Cancer Research UK

• 12.5% probability, all types (except skin cancer) by 65% p y, yp ( p ) y
– Rises to more than 1/3rd for whole-life
– Around half are associated with specific risks
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– Statistically, some will be close to sensitive tissue
• and difficult to treat surgically or chemically



An important statisticAn important statistic

“ Radiotherapy remains a mainstay in the 
treatment of cancer Comparison of thetreatment of cancer. Comparison of the 
contribution towards cure by the major cancer 
treatment modalities shows that of thosetreatment modalities shows that of those 
cured, 49% are cured by surgery, 40% by 
radiotherapy and 11% by chemotherapy”radiotherapy and 11% by chemotherapy .
RCR document BFCO(03)3, (2003).

Chemotherapy provides by far the smallest contribution 
towards cancer cure yet is much more expensive thantowards cancer cure yet is much more expensive than 
radiotherapy and generates a disproportionately large 
research and media interest.
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research and media interest. 

Roger Dale, Hammersmith Hospital and Imperial College



Development of Cancer RadiotherapyDevelopment of Cancer Radiotherapy

•• 1895 : Konrad Rontgen’s X1895 : Konrad Rontgen’s X•• 1895 : Konrad Rontgen s X1895 : Konrad Rontgen s X--
raysrays

•• 18981898 -- Marie Curie’s RadiumMarie Curie’s Radium1898 1898 -- Marie Curie s RadiumMarie Curie s Radium
•• Radium and xRadium and x--ray machines ray machines 

used to treat cancerused to treat cancerused to treat cancerused to treat cancer
•• Most current radiotherapy Most current radiotherapy 

uses High energy Xuses High energy X--ray ray g gyg gy yy
beams from linear beams from linear 
accelerators or ‘linacs’accelerators or ‘linacs’

•• These XThese X--ray beams pass ray beams pass 
through entire thickness of through entire thickness of 
bodybody M d Li
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bodybody Modern Linac



X-ray therapy began within months of Roentgen’s discovery
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Curing Cancer with X-rays

Dose

LinacLinac
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Intensity Modulated Radiation Therapy (IMRT)

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues 30 X 08 10



Carbon Ion Beam ProfileThe Bragg Peak

Bragg 
peak

Plateau
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Why use protons?

X-Rays
100

Protons
60

80 80150
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Can we do better? 

Dose

The Bragg Peak

ProtonProton
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Is it better?
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Medulloblastoma in a child

X-rays

1010
0

60With  Protons 60

10
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10



(from Gillies McKenna)

“When proton therapy facilities 
b il bl it ill bbecome available it will become 
malpractice not to use them for a p act ce ot to use t e o

children.”

Herman Suit, M.D., D.Phil.
Chair, Radiation Medicine

Massachusetts General Hospital
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Why use Carbon?
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Daniela Schulz-Ertner, Heiddelberg



Can we do even better? 

Dose

CarbonCarbon
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Does it work? 

Cancer of the Kidney
Stage I: TIa N0 M0 

Cancer of the Kidney
Stage I: TIa N0 M0 

80GyE / 16fr. /4wks80GyE / 16fr. /4wks

治療前

1 year1 year
2 years2 years
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3 years3 years
5 years5 yearsFrom Japan



Prostate Cancer Results
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Loma Linde



Japan: Tsukuba UniversityJapan: Tsukuba University
New Proton Medical Research Centre, 2001New Proton Medical Research Centre, 2001
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A rotating gantry 
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The Standard Model
The ParametersThe Parameters

• 6 quark masses
– m m mtmu , mc, mt
– md, ms, mb

• 3 lepton masses
m m m

Neutrino sector
– me, mμ, mτ

• 2 vector boson masses
– Mw, MZ

( 0)• (mγ, mg=0)
• 1 Higgs mass

– Mh
• 3 coupling constants

– GF, α, αs
• 3 quark mixing angles

– θ12, θ23, θ13
• 1 quark phase

– δ
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Neutrino masses identically 0!!!!



Neutrino Mixing
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( ) ( )
Why is it hard to measure the parameters?
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y ; y (g ) ; gy ( )

(Richter: hep-ph/0008222)cij=cosqij, sij=sinqij



What to Measure?

Neutrinos
νe disappearancee pp

νe νμ appearance
νe ντ appearance

… and the 
corresponding νe ντ pp

νμ disappearance

p g
antineutrino 
interactionsνμ disappearance

νμ νe appearance
ν ν appearanceνμ ντ appearance

Note: the beam requirements for these experiments are:

high intensity known flux

known spectrum known composition 
(preferably no background)
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(preferably no background)



CP-violation
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FNAL Feasibality Study 1



A Neutrino Factory is …

… an accelerator complex
designed to produce 

1020 d>1020 muon decays per 
year directed at a 
detector thousands of 
km away

… need to accelerate 
muons very quickly

[@5 GeV, tm~0.1msec]
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Classical Accelerator Types

Type Magnetic 
Field

RF Radius

Betatron Variable × Fixed

Cyclotron Fixed Variable

SSynchrotron Variable Fixed

FFAG Fixed ~FixedFFAG Fixed ~Fixed

Linear accelerators ×Linear accelerators
(Linacs) × ∞

+ assorted others – electrostatic, RFQs etc …
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+ new ideas (laser-plasma for example)  …



Fixed Field Alternating Gradient accelerators

Type Magnetic Field RF Radius
FFAG Fixed ~Fixed

• Fixed-Field (like a cyclotron)

– Rapid acceleration possibleRapid acceleration possible
– Rapid cycling possible

• Alternating Gradient (like a synchrotron)Alternating Gradient (like a synchrotron)

– Focussing!!!!
• Small(er) magnets/beam pipe/vacuum system

• … and large acceptance

• The best of both worlds!
So h is the orld not f ll of FFAGs?
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– So why is the world not full of FFAGs?



Early FFAGs (1955-1960)
• MURA built several electron FFAGs in the 1950s

20 το 400 κες 
μαχηινεμ χη

Chandrasekhar Bohr

Radial sector Spiral sectorRadial sector Spiral sector

Large complicated magnets
• c f Cyclotron – large simple magnets
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• c.f. Cyclotron      – large simple magnets

• c.f. Synchrotron – small simple magnets



Newer FFAG’s (post-2000)
500 keV proton FFAG @ KEK 150 MeV proton FFAG @ KEK

• The Japanese have built two “proof 
f Gof principle” proton FFAGs
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… but …

• Why?… the magnets are LARGE LARGE and COMPLICATEDCOMPLICATED
Orbit excursion ~ 0.9m

+ k
⎞⎛

k

r
rBB ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 0 r ⎟

⎠
⎜
⎝ 0

where k >> 1

1k
• Why does k have to be so large?

1+∝ krp
1. Larger k means stronger focussing
2. k > 0 means horizontal focussing

– This means that the average field increases with radius
3. The momentum compaction a y 1/(k+1)

L bi ll bi i
p

R
R

∂

∂
=α
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– Large momentum bite small orbit excursion p
p



Scaling and non-scaling FFAGs

k
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LinearLinear magnets!
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g

i.e. quadrupoles



Simpler Magnets
… the magnets are LARGE LARGE and COMPLICATEDCOMPLICATED to magnets that are SMALL SMALL and SIMPLESIMPLE

B0

�x
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B0 =Δx ×B1



The ns-FFAG

• Should combine the advantages of FFAGs 
– Fixed Field

• Fast cycling (limited essentially by RF)
• Simpler, cheaper power supplies
• No eddy currents• No eddy-currents
• High intensity (pulsed, ~continuous)
• Low beam losses
• Easier maintenance and operation
• Lower stresses

Strong Focussing– Strong Focussing
• Magnetic ring
• Variable energy extractiongy
• Higher energies (than cyclotrons)
• Different ion species possible

ith l ti f t ti
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• with relative ease of construction



… so … where is the catch?

• Variable tune!
Must cross
resonances
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Tune ~ wb/wc



Does it work?

• We do not know!
There is no “no go” theorem– There is no “no-go” theorem

• Need for a “proof of principle” 
demonstrator
– EMMAEMMA

• Electron Model for Many Applications
– Originally Electron Model for Muon AccelerationO g a y ect o ode o uo cce e at o

• Funding obtained in the UK to design 
and build a EMMA the world’s firstand build a EMMA – the world’s first 
non-scaling FFAG accelerator!
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Location of EMMA
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EMMA: Lattice & Magnets

B0
B0 = Δx × B1

�x
Magnet linear slide0 1
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After Neil Bliss



EMMA Parameters

42 identical straight 
length 394.481 mm

Long drift 210.000 mm
F Quad 58.782 mm
Short drift 50.000 mm
D Quad 75 699 mmD Quad 75.699 mm
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EMMA at the ALICE@Daresbury
ALICE Parameters
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After Neil Bliss



Status of EMMA

• Funded! (~£6M)
Started 1st April 2007– Started 1st April 2007

• Lattice - fixed
• Component design - ongoing

Prototype quads being measured now– Prototype quads being measured now
• Final design - complete Jan 08
• Construction - complete Jul 09
• Beam studies until Sep 10• Beam studies - until Sep 10

– At least …
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After Tkeichiro Yokoi
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The requirements

• There are obvious potential benefits 
from proton/light ion therapyfrom proton/light ion therapy
– Need to maximise the benefits

• Requirements
– Rapid variable energy extractionRapid variable energy extraction
– Rapid variable transverse spot scanning

V i bl i i– Variable ion species
– Accurate dose measurements

• Flux control 
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Clinical Requirements
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PAMELA Objectives

• Produce the conceptual design for a 
combined proton/carbon/light ion cancer g
therapy facility
– 250 MeV protons, 400 MeV/u Carbon

• Preliminary performance parameters
– >100 Hz cycle rate and one turn ejection
– Dose rate of 2 to 10 Gy/minute. 

• (1Gy ~ 2 x 1010 protons)
V l i f 4 4 4 3 t 10 10 10 3– Voxel size from 4x4x4 mm3 to 10x10x10 mm3

– Up to 100 pulses/voxel
• With a typical tumour volume of 250 cm3 & voxel-With a typical tumour volume of 250 cm & voxel-

volume 0.064 cm3 (4x4x4), there are 4,000 elements, 
which with 10 to 100 pulses for each voxel needs 40k 
to 400k pulses in around 300 seconds, or a cycle rate
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to 400k pulses in around 300 seconds, or a cycle rate 
of 133 Hz to 1.3 kHz.



Accelerator Technology?

• 4 possible technologies
– CyclotronsCyclotrons

• Fixed energy extraction, difficult for Carbon at 
full energy (equivalent to 1.2 GeV/c protons)gy ( q p )

– Synchrotrons
• Flexible, but difficult to meet the pulse , p

requirements; slow extraction difficult; normal 
conducting machine (stability?)

( ) FFAG– (ns) FFAG
• Flexible, rapid cycling (fixed field), variable 

energy but unproven technologyenergy … but … unproven technology
– Laser-Plasma Ion accelerators

• Far in the future
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• Far in the future …



Challenges

• The non-relativistic, non-scaling 
Fixed-Field Alternating GradientFixed-Field Alternating Gradient 
Accelerator (nrns-FFAG) is a new 
t f l ttype of accelerator
– Very dense lattice
– Challenging magnets, RF, injections 

and extraction
– Resonance crossing

Stability– Stability
• EMMA will demonstrate the ns-FFAG

PAMELA ill d t t th FFAG
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• PAMELA will demonstrate the nrns-FFAG



Status

• Studies underway using a test lattice
– Magnets – probably combined functionMagnets probably combined function 

superconducting magnets
– RF – a number of schemes are being g

considered
– Injection and extraction – will constrain the 

lattice parameters
• Aim

– Design a new lattice with a cell that can be 
engineered by end of 2008

– Work through the design in 2009
– Incorporate the lessons from EMMA
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– Produce a conceptual design in 2010



PAMELA

Particle Accelerator for 
MEdical Applications

Protons or carbon ions

Fixed Field Alternating Gradient 
AcceleratorAccelerator

Protons or carbon ions
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Medical Requirements

SOBP  in IMPT was  studied using 
analytical model of Bragg peakanalytical model of Bragg peak

Beam intensity quantization needs 
intensity modulation of 1/100 for 
dose uniformity of 2%.   

(minimum pulse intensity:~106 

proton/1Gy)proton/1Gy)

Monitor is a crucial R&D

If 1kH i i hi dIf 1kHz operation is achieved

> 100 voxel/sec can be 
scannedscanned

1 kHz repetition is a present 
goal (For proton machine : 
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g ( p
200kV/turn)



Injector
• Injector: proton and heavy ion injection

– (IC group lead by J. Pozimsky)
– Cyclotron for proton, RFQ for HI 
– Typical beam emittance from injectors: 

• 1π mm mrad (normalized)

• Tracking study of RFQ line in progress. 
– (transmission efficiency> 75% is achieved
– 5% Stability of intensityy y
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A Dense proton/carbon Lattice
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Acceleration studies

rf: 5kv/celldx: 100µm(RMS)µ ( )

dx: 10µm(RMS)

dx: 1µm(RMS)
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Lattice option

S.Machida 
proposed semi-p p
scaling FFAG for 
proton therapy (up 
to decapole)to decapole)

Tune drift ∆ν<1 (No integer crossing, 
no structure resonance crossing)

Orbit excursion ~30cm

Long straight section (>2m)

⇒ H.Witte (magnet), S.Sheehy 
(Lattice)
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Magnets?
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Double helix magnet concept
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RF
Relativistic Velocity Factor vs Energy 
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Acceleration schemes

Repetition rate: 1kHz ⇔ min.  acceleration rate : 50kV/turn (=250Hz)
⇒ How to bridge two requirements ??

Energy Option 1 Energy Option 2
⇒ How to bridge two requirements ??

time1ms time1ms
Low Q cavity (ex MA) can mix wide range of frequencies

P = (ΣV )2

R
dt∫

(ΣV )2 ≡ (ΣVisin[ f i(t)])
2 Option 1: P∝ Nrep

2( ) ( i [ f i( )])
= Σ

i
(Visin[ f i(t)])

2 + Σ
i≠ j

(Visin[ f i(t)] ⋅V jsin[ f j (t)])

dt ⎯ → ⎯ 0∫

Option 1: P Nrep

Option 2: P∝ Nrep
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Multi-bunch acceleration is preferable from the viewpoint of efficiency 
and upgradeability



RF Issues

• Variable cyclotron frequency
– RF schemes

H i j• Harmonic jump Frequency versus Turn
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Multi-bunch Acceleration

Multi-bunch acceleration has already been demonstrated

∆f ≥ 4 fsy

2-bunch acceleration using POP-FFAG (PAC 01 proceedings p.588)2 bunch acceleration using POP FFAG (PAC 01 proceedings p.588)
Typical synchrotron tune  <0.01                                               
⇒ more than 20 bunches can be accelerated simultaneously
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“Hardware-wise, how many frequencies can be superposed ??”



Civil Engineering and Layout - PSI
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Civil Engineering and Layout - HIT
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PAMELA
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British Accelerator Science 
&

Radiation Oncology Consortium

A l t D i S b iti l R tAccelerator Driven Sub-critical Reactors
(ADSR)

http://www.adams-institute.ac.uk Ken.Peach@adams-institute.ac.ukhttp://www.basroc.org.uk



Accelerator Driven Sub-critical Reactors
(ADSR)

• Unlike 235U, pure 238U and 233Th cannot be 
made into a critical massmade into a critical mass

• However, in the presence of an external 
source of neutrons both 238U and 233Th aresource of neutrons, both U and Th are 
fissionable
But 238U inevitably produces 239Pu• But 238U inevitably produces 239Pu
– Proliferation …
233• 233Th does not 

• 233Th is the 39th most abundant element 
– 7.2 parts per million (ppm) in the Earth’s crust  
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Another issue – Uranium supplies
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• Kyoto Nuclear Scenarios Variant 1

After Y Kadi, CERN



A Basic ADSR Power Plant Schematic

Accelerator To Grid
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After Y Kadi, CERN

Fission Fragments



ADSR opportunities & risks

• ADSR is intrinsically “safe”
– No plutoniump
– Sub-critical – stops if no neutron source
– Abundant fuel
– Treats actinides from ~ 4 nuclear reactors

• Major ADSR-specific technical risks
– Accelerator reliability 

• Needs > 99% availability
N h d l d i t ti > 1 d• No unscheduled interruptions > 1 second

– Beam window(s)
• Proton beam penetrates the reactor vesselProton beam penetrates the reactor vessel
• Containment

– Spallation target power density
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• Multi-MW



ADSR Projects

From the Thorium 
Report Committee of 
the Research Council 
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of Norway February 
2008



Accelerator requirements

Proton Energy ~ 1 GeV 
For 1GW thermal power:
• Need 3 1019 fissions/sec (200 MeV/fission)
• 6 1017 spallation neutrons/sec (k=0.98 gives 50 

fi i / t )fissions/neutron)
• 3 1016 protons/sec (20 spallation neutrons each)
Current 5 mA Power = 5 MWCurrent  5 mA. Power = 5 MW

Compare: PSI proton cyclotron:Compare: PSI proton cyclotron: 
590 MeV, 72 MeV injection
2mA, 1MW2mA, 1MW
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Roger Barlow/FFAG 08



Specification

Synchrotron

Cyclotron
Current far too high. 

Complicated
Energy too high for 
classical cyclotron. On 
th d f th FFAG

Complicated 
(ramping magnets)

the edge for other 
types

FFAG

Looks like the answer

Similar to proton therapy except 
higher current and no need for 

i bl t ti

Linac

Can do the job But variable energy extraction

Very similar to neutrino factor 

Can do the job. But 
VERY expensive
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proton driverRoger Barlow/FFAG 08



Reliability

• No long shutdowns – lose money
N l d h td l• No unplanned shutdowns – lose 
money and customers

• Spallation target runs hot. If beam 
stops target cools and stresses andstops, target cools and stresses and 
cracks: no more than 3 trips per year

C d l hi thiCars and planes achieve this…
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Roger Barlow/FFAG 08



The ultimate redundancy

Could have several (3) accelerators for 
one reactor coreone reactor core

If FFAGs are really as cheap as we’re 
promisingpromising

G
ns

-F
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G
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After Roger Barlow/FFAG 08

n



Summary

• Non-scaling FFAG accelerators are:
– NewNew
– Untried

Interesting for– Interesting for
• Neutrino physics

C h• Cancer therapy
– And other applications 

» Spallation neutron sources, muon sources
» Accelerator driven reactors, nuclear waste disposal

• We will know in ~3 years if they work
– Let us hope that they do … they could be
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Let us hope that they do … they could be 
very useful devices … 



In memoriam
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